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We find evidence of intermolecular interactions for a self-assembled monolayer 共SAM兲 formed from a large
molecular adsorbate, 关1,1⬘;4⬘,1⬙-terphenyl兴-4,4⬙-dimethanethiol, from the dispersion of the molecular orbitals
with changing wave vector k. With the formation self-assembled molecular 共SAM兲 layer, the molecular orbitals
hybridize to electronic bands, with indications of significant band dispersion of the unoccupied molecular
orbitals. The electronic structure is also seen to be dependent upon temperature, and cross linking between the
neighbor molecules, indicating that the electronic structure may be subtly altered by changes in molecular
conformation and packing.
DOI: 10.1103/PhysRevB.74.165425

PACS number共s兲: 78.40.Me, 73.20.⫺r, 79.60.⫺i

I. INTRODUCTION

Most molecules are dielectrics, or can at least be considered as nominal insulators as long as the highest occupied
molecular orbital 共HOMO兲 to lowest unoccupied molecular
orbital 共LUMO兲 gap is larger than 3kBT. Effectively, molecules have band gaps often centered about the Fermi level
or chemical potential. Molecules also have molecular orbitals that are often extensively delocalized so the states are not
restricted to a single atom 共or even a localized group of atoms兲, but does increased molecular orbital delocalization
lead to better or worse dielectric properties? Good molecular
dielectrics, such as the molecular ferroelectrics,1 have significant intramolecular band structure,2 so molecular orbital
delocalization, by itself, is not an indication of a conduction
channel.
Self-assembled molecular 共SAM兲 layers may be good
insulators,3 but a number of practical problems must be faced
before such layers are used as molecular dielectrics in the
single molecule thickness limit. Among these obstacles to
using SAM layers as a dielectric layer are the very significant
problems associated with forming the second, or “upper”
contact. Problems occur because the molecular tilt angles,
generally adopted by adsorbed thiol molecules alkane or otherwise, are tilted off the surface normal leading to a “parting
of hair” like effect between surface domains. This leads to
electrical shorts across the SAM layer.4,5 Metals deposited on
top of a SAM layer, at the SAM to vacuum interface, may
penetrate into and through the molecular layer, even for a
polyaromatic molecule such as 关1,1⬘;4⬘,1⬙-terphenyl兴-4,
4⬙-dimethanethiol 共TPDMT兲.6
There is still considerable promise that SAM layers can
be used as good dielectric layers in practical devices.3
Among other approaches, electron beam irradiation leads to
the cross linking or quasi 共two-dimensional兲 polymerization
of 关1,1⬘;4⬘,1⬙-terphenyl兴-4,4⬙-dimethanethiol 共TPDMT兲,
making the SAM layer a network of chemically linked
TPDMT molecules.7–9 Cross-linked SAM layers provide an
effective barrier for the penetration of a metal adsorbate. The
1098-0121/2006/74共16兲/165425共11兲

cross linking makes possible the formation of the top electrode and the cross-linked SAM layers can then play the role
of an insulating layer between this electrode and the bottom
gold electrode.7–9 Such organic dielectric layers would not
only provide potentially very well defined ultrathin dielectric
barriers, but the barrier width can be adjustable by physical
or chemical means. Among other implications, this provides
the possibility that organic self-assembled monolayers may
be used as ultrathin insulating layers in electronic and spintronic devices,7–9 partly because such a layer might be more
robust against pin-hole formation.
Electron and x-ray-induced modification of selfassembled monolayers has been studied for both
aliphatic10–13 and aromatic thiol-derived SAMs.13–19 Such
physical treatment leads to a quasipolymerization in aromatic
thiol-derived SAMs and changes in electronic structure,19
which we explore here in more detail for 关1,1⬘;4⬘,
1⬙-terphenyl兴-4,4⬙-dimethanethiol 共TPDMT兲. At issue is how
the changes from an extra-molecular band structure to an
intramolecular band structure 共of the related quasipolymer兲
affect the dielectric properties.
Extra- or inter-molecular band structure in molecular
monolayers, resulting from the hybridization of molecular
orbitals of adjacent molecules, has a long and very rich history spanning nearly three decades of surface science.20–24
For the films comprising of larger molecules, intramolecular
band dispersion is far more commonly observed than extramolecular band dispersion.24–29 The extra-molecular electronic dispersion 共band structure兲 in ordered assemblies of
large molecules has been difficult to obtain experimentally
because of the very small effective Brillouin zone 共requiring
exceptionally good wave vector resolution兲 and the generally
weak intermolecular interactions, with only a few exceptions
as in Refs. 24 and 26–34. On the other hand, intramolecular
band dispersion in oligophenyl chain molecules is very much
expected35,36 and commonly observed.36 Strong intermolecular interactions in well ordered aromatic self-assembled
monolayers 共SAMs兲 may give rise to significant hybridization of molecular orbitals, leading to intermolecular band
formation, sufficient for observing the band dispersion in
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aromatic thiol-derived layers,28,37 as well as 关1,1⬘;4⬘,
1⬙-terphenyl兴-4,4⬙-dimethanethiol 共TPDMT兲, as we show in
this paper. Nonetheless, sample preparation and molecular
conformation play a role in determining the details of electronic structure.

II. EXPERIMENT AND THEORY

关1,1⬘;4⬘,1⬙-terphenyl兴-4,4⬙-dimethanethiol
共TPDMT兲
forms densely packed and highly ordered self-assembled
monolayers 共SAMs兲 on Au共111兲 with an upright orientation
of the terphenyl backbone somewhat 共about 19.3°兲 canted off
the surface normal and bound to the substrate via the thiolate
linkage.6,18,38,39 The TPDMT SAMs studied here were prepared on evaporated Au共111兲 substrates, by what has become a standard immersion procedure.40 The exact details
for TPDMT can be found elsewhere.7,38
The electronic structure of both occupied and unoccupied
molecular orbitals of the adsorbed 关1,1⬘;4⬘,1⬙-terphenyl兴-4,
4⬙-dimethanethiol layers on Au共111兲 surfaces was investigated through combined high resolution ultraviolet photoemission and inverse photoemission studies. In both types of
photoemission measurements, the binding energies were referenced to the Fermi edge of both gold and tantalum, measured at 80 K, in intimate contact with the sample surface.
All of the electron spectroscopy experiments were performed
under ultrahigh vacuum conditions.
The high resolution ultraviolet photoemission spectra
共UPS兲 were taken using a helium lamp at hv = 21.2 eV 共He I兲
and a Scienta 200 hemispherical electron analyzer at the
Center for Advanced Microstructures and Devices 共CAMD兲
synchrotron radiation facility in Baton Rouge, Louisiana.
The combined resolution in our high resolution ultraviolet
photoemission experiments was better than 10 meV, as inferred from the widths of the Ar 3p3/2 共15.8 eV兲 and 3p1/2
共15.9 eV兲 lines in photoionization spectra, as described in
detail elsewhere.41 The band structure of occupied 共valence
band兲 molecular orbitals was measured using this high resolution angle-resolved ultraviolet photoemission spectroscopy
共ARUPS兲 at a photon energy of 21.2 eV.
The inverse photoemission spectra were obtained by using variable incident energy electrons with a fixed energy
U.V. detector 共a Geiger-Müller detector兲. The instrumental
linewidth is ⬃400 meV, as described elsewhere.2,19,26,42,43
The light polarization dependent ultraviolet photoemission measurements were carried out using synchrotron light,
dispersed by a 3 m toroidal grating monochromator, at
CAMD, as described in detail elsewhere.19,26,29,43,44 The
combined resolution of the hemispherical electron energy
analyzer and monochromator varied between 0.10 and
0.25 eV, with an angular acceptance of ±1°. Because of the
highly plane polarized nature of the dispersed synchrotron
light through the toroidal grating monochromator, the large
light incidence angles resulted in E more parallel to the surface normal 共p-polarized light兲, while smaller light incidence
angles resulted in E residing more in the plane of the surface
共s-polarized light兲 in the geometry of our experiment. Several photon energies were used for the light polarization de-

pendent photoemission, but for the results reported here, we
used a photon energy of 80 eV, as noted.
The light polarization dependence of the photoemission
signal, related to a particular feature in the spectra, is based
on the photoemission selection rules and is closely related to
the specific symmetry of involved molecular orbitals.20–24
The partial cross section for photoemission varies according
to the orientation of the light vector potential A of the incident plane polarized light and the symmetry of the initial
state i, assuming that the final state wave function  f 共for
electrons collected along the surface normal兲 is fully symmetric

冉 冊
d
d⍀

⬀ 兩具⌿ f 兩A • p + p • A兩⌿i典兩2␦共E f − Ei − hv兲, 共1兲
PES

where A • p is the effective dipole operator. For the photoemission results reported here, the photoelectrons were collected normal to the substrate surface, i.e., k储 = 0 or ¯⌫, to
preserve the highest possible local point group symmetry.
This means that application of Eq. 共1兲 to the light polarization dependent photoemission from a molecule of C2v point
group symmetry, with the high symmetry axis along the surface normal, in molecular orbitals of a1 symmetry becoming
enhanced in p-polarized light whereas b1 and b2 symmetry
molecular orbitals are enhanced with E residing more in the
plane of the surface 共s-polarized light兲. Both light incidence
angles as well as photoelectron emission angles, reported
herein, are given with respect to the substrate surface normal.
Cross linking of aromatic SAM layers has been fairly well
characterized,7–9,13–19 and we have adopted and modified
those procedures to address some of the experimental constraints. The cleavage of phenyl C-H bonds, during radiation
induced cross linking, has been confirmed by the intensity
decrease of the IR modes,6 while the stability of the aromatic
skeleton of polyphenyl thiols leads to the very low level of
the irradiation-induced thickness reduction.13 The evidence
for the intermolecular cross linking is provided by the higher
resistance of the irradiated areas to wet chemical etching6
and the demonstrated fabrication of freestanding nanosheets
of cross-linked polyphenyl SAM layers from irradiated areas
of 1,1⬘ biphenyl-4-thiol.45 The cross linking should be accompanied by a relative torsion rotation of the individual
rings; otherwise, in view of the directionality of C-C bonds,
a stable two-dimensional 共2D兲 network cannot be produced,
as noted later. In our experiments, the cross linking of the
TPDMT films was undertaken in situ through exposure to
50 eV electrons or to a broadband of synchrotron white 共zero
order兲 light through a 3 toroidal grating monochromator attached to a bending magnet at the CAMD. Electron beam
exposures were estimated from the current density
共5 A / cm2兲 uniform illuminating the sample. The white
light beam provides broadband soft x-ray radiation
共20– 160 eV兲 centered around 70 eV, and where the integrated power is approximately 0.1 W at 100 mA of the ring
current.46–48 We find that nearly complete cross linking occurs by an exposure of 50 to 54 mC/ cm2 of 50 eV electrons,
or 500– 600 mAmin of synchrotron white light.19 The electron exposure threshold is consistent with an optimal dose of
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40– 45 mC/ cm2 of 10 eV electrons found in previous
studies.7,8,19 A further exposure only leads to unnecessary
degradation of the TPDMT film.7,18
The model calculations of the electronic structure of 关1,
1⬘;4⬘,1⬙-terphenyl兴-4,4⬙-dimethanethiol 共TPDMT兲 and a pair
of the separated and cross-linked TPDMT molecules were
undertaken using PM3-NDO 共neglect of differential overlap兲
with the HyperChem package,49,50 as has been undertaken
successfully elsewhere.19,43,51,52 A calculated density of states
was obtained by applying equal Gaussian envelopes of 1 eV
width to each molecular orbital at the ground state binding
energies 共to account for the solid state broadening in photoemission兲 and then summing, together with a rigid energy
shift of a typical value of 4.7 eV applied to the calculated
electronic structure.2,19,23,24,26,35,43,51–56 The calculations do
not account for photoemission and inverse photoemission
matrix element effects. Furthermore, both photoemission and
inverse photoemission are final state spectroscopies, so that
comparison with this simple semiempirical theory, that includes neither excitations, multiconfigurational final states,
matrix element effects nor finite temperature effects to ultraviolet photoemission 共and inverse photoemission兲, must be
considered as only qualitative.
The reasons for not exploiting the more “state-of-the-art”
modern density functional 共DFT兲 calculations are due to
the failures of DFT to provide an accurate description of
the electronic structure as determined by photoemission and
inverse photoemission.57–60 DFT generally results in a
HOMO-LUMO gap too small by as much as a factor of 2 or
more. Consideration of the possible multiconfigurational final states60–62 is likely to provide a more accurate representation of the spectra, but orbital symmetry information is
generally lost. A proper calculation of electronic structure
should include the substrate 共to properly account for charge
transfer, thiolate formation, and charge screening兲, exchange
and correlation energies,63 but such slab calculations,37,57,64
given the very large number of atoms per unit cell 共39 atoms
from one thiolate adsorbate alone兲, are computationally very
expensive, even if at all possible. Although a ground state
calculation, our simple molecular orbital calculations do provide an effective 共but not ideal兲 compromise, and like similar
semiempirical molecular orbitals calculations 共PM3, MNDO,
INDO, CNDO兲 have successfully recovered much of the detail observed in large molecular systems using photoemission
and inverse photoemission, including reproducing, with reasonable agreement, the highest occupied molecular orbital
共HOMO兲 to lowest unoccupied molecular orbital 共LUMO兲
gap,19,35,43,51,52 which DFT does not. In spite of the severe
limitations of these simple molecular orbital calculations,
they can be compared, with some effect, to DFT
calculations.65
III. ELECTRONIC STRUCTURE OF [1,1⬘;4⬘,
1⬙-TERPHENYL]-4,4⬙-DIMETHANETHIOL

An indication of the combined density of states, resulting
from the molecular orbital electronic structure, is obtained
from the combination of photoemission 共taken at a photon
energy of 21.2 eV兲 and inverse photoemission for the 关1,1⬘;

4⬘,1⬙-terphenyl兴-4,4⬙-dimethanethiol 共TPDMT兲 film, as
shown in Fig. 1. The experimental gap between the highest
occupied 共HOMO兲 and lowest unoccupied 共LUMO兲 molecular orbitals for TPDMT films is of 6.8± 0.2 eV. This experimental value is in surprisingly good agreement with the corresponding semiempirical model calculations that provide an
estimate of 7.7 eV 共given the limitations of the model calculations兲.
In the ground state of TPDMT on Au, the energy distance
from the LUMO to EF is 3.2 eV. This placement of the
chemical potential within the large HOMO-LUMO gap, suggests that this monomolecular film could act as an effective
dielectric barrier layer in field effect transistors and tunnel
magnetoresistive devices,3,4 even in a monolayer film, if pin
holes through TPDMT films can be eliminated, as suggested
by model calculations of polyphenyl dithiolates.66–68
The placement of the LUMO and the HOMO with respect
to the Fermi level, from photoemission and inverse photoemission, is about 1 eV larger than the approximately 2 eV
suggested by molecular conductance measurements of terphenyl dithiol and related species.68 If the band dispersion of
the unoccupied molecular orbitals is considered, as suggested by the measurements discussed below, the agreement
between molecular conductance spectroscopy and combined
photoemission and inverse photoemission is quite good. Molecular conductance spectroscopy suggests that many similar
molecules are p-type insulators,68 while from combined photoemission and inverse photoemission, we find that 1,
1⬘-biphenyl-4,4⬘-dimethanethiol 共Ref. 26兲 and 关1,1⬘;4⬘,
1⬙-terphenyl兴-4,4⬙-dimethanethiol 共TPDMT兲 are slightly n
type, or given that the majority carrier has not been ascertained, the Fermi level is closer the lowest unoccupied state.
These difference between the results from combined photoemission and inverse photoemission studies and molecular
conductance spectroscopy have been observed before in the
study of 1,1⬘-biphenyl-4,4⬘-dimethanethiol 共Ref. 26兲. No definitive explanation of the differences can be provided from
the data at hand and we are limited to speculation. It may be
that the underlying metal substrate strongly influences tunneling from occupied states in molecular conductance spectroscopy, particularly if there are defects in the molecular
overlayer, or that band dispersion of the unoccupied molecular orbitals plays a significant role in determining the Fermi
level to LUMO gap, as just noted.
The elucidation of the electronic structure of 关1,1⬘;4⬘,
1⬙-terphenyl兴-4,4⬙-dimethanethiol is aided by comparison of
the experimental data with the occupied and unoccupied molecular orbitals derived from the semiempirical ground state
calculations. A number of the molecular orbitals of TPDMT
can be identified in both photoemission and inverse photoemission spectra, as shown in Fig. 1, where only some of the
orbitals are shown, and Fig. 2, where all the orbitals are
listed. The features 共Fig. 1兲 that can be assigned to groups of
molecular orbitals occur at the binding energies, 共E − EF兲
relative to the Fermi level, of −3.6± 0.1 eV,−5.0+ 0.2 eV,
−6.4± 0.1 eV,−7.9± 0.2 eV, −8.7± 0.1 eV,−9.9± 0.2 eV in
the photoemission and 3.2± 0.1 eV, 4.5± 0.2 eV in inverse
photoemission spectra 共as indicated in Fig. 2兲.
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FIG. 1. 共Color兲 Combined UPS 共left兲 and IPES 共right兲 spectra
共top兲 of TPDMT/Au 共top curve兲, along with the calculated ground
state molecular orbital energies for a single TPDMT molecule 共bottom line兲. The UPS and IPES signals are related to the contributions
from the occupied and unoccupied molecular orbitals, respectively.
Selected calculated molecular orbitals of TPDMT are shown on the
top. The photoemission spectrum was taken with unpolarized He I
共21.2 eV兲, with the photoelectrons collected normal to the surface.
The inverse photoemission spectrum was taken at normal incidence.
IV. INTERMOLECULAR BAND STRUCTURE

In spite of the considerable off normal cant exhibited by
TPDMT,6,18,38,39 strong ordering within the molecular overlayer is evident in the band dispersion data. The high resolution angle dependent photoemission can be exploited to
determine the dispersion 共change in binding energy兲 as function of the wave vector parallel to the surface, k储, i.e., a
strong dependence on the incidence angle for inverse photoemission or the emission angle for photoemission for molecules oriented along the surface normal. The value of k储 is
determined by
k储 =

冑

2m
Ekinsin共兲 = 0.512冑Ekin/eVsin共兲Å−1 ,
ប

共2兲

where Ekin is the photoelectron kinetic energy and  is the
emission angle in the case of photoemission,20–24,28,29 or the
incidence angle in the case of inverse photoemission.2,23,24

FIG. 2. 共Color兲 The geometry optimization calculated ground
state molecular orbital energies of TPDMT on Au substrate are
compared with experimental binding energies with respect to the
Fermi level. This includes a few unoccupied molecular orbitals
down to the lowest unoccupied molecular orbital, as well as the
occupied molecular orbitals referenced to the vacuum level. Selected molecular orbitals are shown left. The calculated ground state
free molecular HOMO-LUMO gap is 7.7 eV.

There is evidence of dispersion of TPDMT molecular orbitals. From the band dispersion of the strongly sulfur
weighted photoemission feature, at roughly 4 to 4.5 eV binding energy, several band structure critical point are observed
共denoted as ¯⌫ and the SBZE in Fig. 3兲. This periodicity of
the band dispersion within the plane of the films is summarized in Fig. 3, where the peak position of the strongly sulfur
weighted photoemission feature, following a detailed fitting
of the experimental data, obtained at a photon energy of
21.2 eV, is plotted against the value of the k储 vector along
from ¯⌫ to the surface Brillouin zone edge 共SBZE兲.
This occupied molecular orbital band dispersion of about
300 to 400 meV for this sulfur weighted level is about what
we would expect from the occupied bands in the calculated
band structure of phenylthiolate SAM layers,37 and the 190
to 240 meV band dispersion observed for the highest occupied molecular orbital of aromatic pentancene 共Ref. 31兲 and
thione 2-mercatobenzoxazole 共Ref. 28兲 molecular layers. The
only similar extra molecular band structure, for diphenyldimethyl dithiol, exhibited a similar value for the band dispersion and the band dispersion and suggests an intermolecular
spacing of 5.0± 0.1 Å in the benzene planar direction.26
For dispersion along what is presumed to be the ⌺̄ line of
the surface hexagonal Brillouin zone, the adjacent zone center occurs at about 1.25 Å−1 共Fig. 3兲. Using the wave vector
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FIG. 3. 共Color online兲 Intermolecular dispersion of a band originating from the sulfur weighted  molecular orbitals of 关1,1⬘; 4⬘,
1⬙-terphenyl兴-4,4⬙-dimethanethiol 共TPDMT兲 molecules assembled
on Au共111兲 in the reduced zone scheme, determined from high
resolution photoemission spectra taken with unpolarized He I
共21.2 eV兲 light.

¯ 兲 and edge 共M̄兲 of the Brildifference between the center 共⌫
louin zone, we can estimate the intermolecular layer spacing
in the TPDMT monolayer to be about 5.8± 0.3 Å from photoemission 共Fig. 3兲. Unfortunately, multiple domains are
sampled leading to a more cylindrical average in k储. This is
evident in that the second Brillouin zone does not exhibit as
quite as large a binding energy for the sulfur weighted band
as is observed at k储 = 0, so this estimate of the lattice constant
contains significant error weighted in the direction of larger
lattice constants. Still this lattice constant is consistent with a
2 ⫻ 2 hexagonal structure. If only the sulfur is considered,
this band dispersion provides a lattice constant that is close
to one of lattice spacing of the herringbone structure proposed for terphenylmethylthiol and related molecules,69–71
although not the other. The rectangular lattice, such as is
observed with 4⬘methylbiphenyl-4-yl-ethyl thiol and
4⬘methylbiphenyl-4yl-buthyl thiol,70,71 is more of a hexagonal packing consistent with a 6 Å spacing, if super periodicities are NOT considered. These latter packing arrangements are very consistent with the photoemission derived
band dispersion, if the band structure is from the TPDMT
film and not from the substrate.
In some aromatic thiol SAM overlayers,69–71 with very
high molecular coverages, a lattice constant of 5 Å is reported and this can be reconciled with the critical points of
our observed band dispersion under some conditions. A reciprocal lattice vector of 1.25 Å−1, if the adlayer lattice is a
rectangular lattice, would provide a 5.1± 0.2 Å lattice spacing in one direction. A roughly cylindrical average of such a
rectangular lattice alone, resulting from multiple domains, is
however difficult to reconcile with the experimental band

dispersion data. Contributions from rectangular domains that
contain a 5 Å lattice spacing, in combination with hexagonal
domains, is possible but unlikely given the fact that such a
combination would lead to a diminution of the observed
band dispersion. Considering that any band structure we
measure would sample several adlayer packing domains, the
determination of a 5.8± 0.3 Å lattice constant, from band dispersion obtained from angle-resolved photoemission assuming an hexagonal packing arrangement, is very reasonable.
The fact that the second Brillouin zone point is not well
defined as ¯⌫, in the band structure, is certainly consistent
with data obtained from superposition of several TPDMT
domains of different orientations. Combinations of 5 Å and
6 Å lattice spacing with a roughly hexagonal packing have
been seen in the LEED and molecular resolution STM results
from some aromatic SAM layers,53–55,69–71 and cannot be excluded by our data either.
There is a tendency for thiol layers to adopt a 冑3
⫻ 冑3R30° structure on Au共111兲, with an intermolecular
spacing of about 5 Å. For SAMs formed from 关1,1⬘;4⬘,
1⬙-terphenyl兴-4-methanethiol, a commensurate 冑3 ⫻ 2冑3
structure, with an intermolecular spacing of about 5 Å, was
observed by LEED and molecular resolution STM,69 while a
冑3 ⫻ 冑3R30°, with an intermolecular spacing again of about
5 Å, has been observed in other molecular resolution STM
studies.72,73 The band structure critical points might be reconciled to such a 冑3 ⫻ 冑3 R30° hexagonal packing, if the
band mapping is taken along the T̄ line of the surface hexagonal Brillouin zone, toward the Brillouin zone edge 共K̄兲,
but the second Brillouin center should not be observed in this
case, so this structure remains difficult to reconcile with our
data.
The strong sulfur weight of the occupied band 共Fig. 3兲
does not provide a completely compelling case for intermolecular band dispersion, as this band dispersion could be
dominated by either the more strongly chemisorbed sulfur at
the gold interface or hydrogen terminated sulfur at the
vacuum interface. More compelling evidence for intermolecular hybridization of molecular orbitals comes from the
changes in the lowest unoccupied arene  molecular orbital
with changing wave vector 共as indicated in Fig. 4兲. Band
dispersion is evident from a comparison of the inverse photoemission spectra at two different wave vectors: zone center
and for k储 = 0.8 Å−1. The binding energy shifts in the lowest
unoccupied molecular orbitals suggests an unoccupied molecular orbital band dispersion of the order of 1 eV, with the
changing of wave vector parallel to the surface. The band
dispersion amplitude of 0.95 eV or more, of the LUMO
state, is much bigger than that of the occupied states
共0.4 eV兲, as a result of deeper potential of the occupied 
molecular orbitals of TPDMT. This is consistent with the
expectations of the calculated band structure of phenylthiolate SAM layers.37 The nearly 1 eV dispersion for the lowest unoccupied molecular orbitals places the LUMO closer to
the Fermi level, with a separation of about 2 eV 共Fig. 4兲.
This value is in reasonably good agreement with molecular
conductance spectroscopy of similar molecules,68 as noted
above. The complication of the molecular tilt angle and the
interplay between the film structure, molecular conforma-
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FIG. 4. 共Color兲 Indications of intermolecular band dispersion
from the LUMO  molecular orbitals of 关1,1⬘;4⬘,1⬙-terphenyl兴-4,
4⬙-dimethanethiol. The angle-resolved inverse photoemission spectra are shown for zone center 共black兲 and for k储 = 0.8 Å−1 共red兲. The
corresponding LUMO is shown in the margin.

tion, and attendant band structures does, however, need to be
explored more systematically. This has only been indirectly
suggested by prior studies.70,71
V. COMPARISON OF THE ELECTRONIC STRUCTURE
BETWEEN PRISTINE AND CROSS-LINKED [1,1⬘;
4⬘,1⬙-TERPHENYL]-4,4⬙-DIMETHANETHIOL SAMS

There are three major irradiation-induced processes: molecular decomposition, desorption of the film fragments, and
cross linking of neighboring SAM constituents.13 While the
decomposition and desorption processes prevail in aliphatic
SAMs, cross linking is the dominant effect in the aromatic
molecular layers, resulting in a quasipolymerization of the
monomolecular film.13–19 The schematic of cross-linked TPDMT is shown in Fig. 5.
From the comparison of the combined photoemission and
inverse photoemission derived highest occupied 共HOMO兲 to
lowest unoccupied 共LUMO兲 molecular orbital gaps for the
pristine and extensively irradiated TPDMT SAMs 共Fig. 6兲, it
is evident that cross linking leads to a reduction in the gap.
The experimental HOMO-LUMO gaps are 6.8± 0.2 eV for
the pristine 关Fig. 6共a兲兴 and 5.9± 0.2 eV for strongly irradiated
关Fig. 6共b兲兴 TPDMT films, in good agreement with our expectation from simple model calculations. The corresponding
HOMO-LUMO gaps for the pristine and cross-linked TPDMT films from semiempirical model calculations are
7.6 eV and 5.6 eV respectively, as seen from Fig. 6. 关Note
that the latter cross-linked TPDMT films were exposed to
54 mC/ cm2 of 50 eV electrons 共IPES兲 or white light, about
600 mA· min 共UPS兲 in our experiments, for optimal crosslinking, as described in the experimental section.兴
As seen in Fig. 6, the extensive cross linking does not
alter the occupied molecular orbital binding energies 共photo-

FIG. 5. 共Color兲 The relative 共with respect to the Fermi level兲
position of LUMO in the TPDMT SAM, obtained from the IPES
data, as a function of irradiation dose 共50 eV electrons兲. The insets
show 关1,1⬘;4⬘,1⬙-terphenyl兴-4,4⬙-dimethanethiol 共TPDMT兲 before
共left兲 and after 共right兲 electron-induced cross linking. The error bars
indicate the relative error between the measurements and do not
include the systemic errors arising from the instrumental function.

emission, on the left in Fig. 6兲 as significantly as those for
the unoccupied molecular orbitals 共inverse photoemission on
the right in Fig. 6兲. This is illustrated in Fig. 5, where we
plotted ELUMO-EF, derived from the IPES data, as a function
of the radiation dose. Recall that it is the lowest unoccupied
molecular orbitals that provide evidence of strong intermolecular band dispersion 共Fig. 4兲, so the cleavage of the phenyl C-H bonds, during radiation induced cross linking,6 and
the concomitant intermolecular cross linking should have a
profound effect on the lowest unoccupied molecular orbitals.
As seen in Fig. 5, the influence of the irradiation leading
to cross linking of the TPDMT film on the energy position of
the unoccupied 共right兲 molecular orbitals is highly nonlinear.
There is an increase of the LUMO binding energy 共a decrease in the value of ELUMO-EF兲 with initial irradiation
共around 10 mC/ cm2 of 50 eV electrons兲, and the position of
the LUMO remains approximately constant up to a dose of
40 mC/ cm2, which follows by a significant decrease in the
value of ELUMO-EF with further irradiation.
Although the HOMO-LUMO gap is smaller for the
strongly cross-linked 共irradiated兲 TPDMT films 共Fig. 6兲, such
films are more dielectric than the pristine TPDMT films, as
noted elsewhere.9,19 The increase in dielectric character with
progressive cross linking 共at least up to a point, before degradation leads to a decrease in dielectric properties兲 occurs in
spite of the decreases in the HOMO-LUMO gap upon irradiation of the TPDMT films. This may be associated with the
conjugation of the molecular orbitals along the oligophenyl
backbone and molecular rigidity. In particular, irradiationinduced twisting of the individual rings along the terphenyl
backbone can be of importance,19 and suggested by model
studies of biphenyl dithiols.66 The only way to build a crosslinking network is the torsion of the individual rings in the
SAM constituents, to make direct C-C bonds to the neighbor
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FIG. 6. 共Color online兲 Combined UPS 共left兲 and IPES 共right兲
spectra 共solid line兲 of pristine 共a兲 and irradiated 共b兲 TPDMT/Au,
along with the calculated density-of-states 共dashed line兲 for a pair of
the separate and cross-linked TPDMT molecules. The UPS and
IPES signals are related to the contributions from the occupied and
unoccupied molecular orbitals, respectively. The experimental
HOMO-LUMO gaps are indicated. The irradiated films were exposed to 54 mC/ cm2 of 50 eV electrons 共IPES兲 and synchrotron
white light exposure of about 600 mA min 共UPS兲. The photoemission spectra were taken with unpolarized He I 共21.2 eV兲 light.

molecule. More detailed band structure measurements are
surely indicated, as direct molecule-molecule interactions
should play a role, even when the number of polyphenyl
molecules between two electrodes is limited.74,75

VI. POSSIBLE CHANGING ORIENTATION AND
CONFIGURATION

Given that the terphenyl backbone is somewhat canted off
the surface normal 共about 19.3°兲,6,18,38,39 while bound to the
substrate via the thiolate linkage, profound light polarization
dependence is not observed in the photoemission, as indicated in Fig. 3. The very small light polarization dependence
of the valence band spectra with temperature 共Fig. 7兲 can be
understood on the basis of the partly preserved molecular
orbital symmetries, schematically shown in Figs. 1 and 2,
and the largely upright bonding orientation. Exploiting the

known largely “upright” orientation of the TPDMT molecules, the pronounced photoemission feature at
−3.6± 0.1 eV 共Fig. 7兲 can be attributed to occupied molecular orbitals of largely sulfur px,y or largely from the arene
共benzene兲 occupied  molecular orbitals. Such a feature
could exhibit enhancement in more p-polarized light as seen
in photoemission 共Fig. 7兲. Similarly, the photoemission feature at −6.4± 0.1 eV is also dominated by arene 共benzene兲
occupied  molecular orbitals, but with contribution from
the methyl  bonds and sulfur pz, consequently resulting in a
photoemission which resembles a mixture of benzene orbitals of different symmetries 共a1 + b1 + b2兲 and is, thus, less
likely to exhibit light polarization dependence in photoemission regardless of the molecular orientation. Occupied molecular orbitals containing strong b1 symmetry character of
benzene with  and  bond weight contribute to the photoemission feature at −8.7± 0.1 eV 共Fig. 7兲, and can exhibit
some light polarization dependent photoemission effects.
There are small changes in the light polarization dependent photoemission from the photoemission feature at
−8.7± 0.1 eV 共Fig. 7兲 with temperature. The feature at
8.7± 0.1 eV becomes slightly enhanced in p-polarized light
at lower temperatures, but is weakly enhanced with more
s-polarized light at higher temperatures. Consistent with the
temperature dependent photoemission intensities that deviate
from expected Debye-Waller scattering behavior,76 these
small changes in the light polarization dependent photoemission spectra strongly suggest that the orientation and conformation of TPDMT film changes with temperature. Note that
the observed temperature dependent changes are fully reversible but the photoemission dichroism effects are far too small
to claim a molecular orientation of the long molecular axis in
an orientation within 10° to the surface normal, consistent
with the 19.3° cant angle determined from x-ray absorption
spectroscopy experiments 共based generally on core to bound
excitations兲.6,13,38,39
Along with the LUMO shift that accompanies the cross
linking of TPDMT, as discussed above, we observed another
prominent effect of the irradiation—a significant change in
the orientation of the TPDMT SAM at a relatively small
irradiation dose 共around 10 mC/ cm2 for 50 eV electrons兲.
This is illustrated by Fig. 8 where the UPS spectra acquired
at different light polarizations are presented, using polarized
light at a photon energy of 80 eV. The changes in these
spectra at going from a large incidence angle of 70°
共p-polarized light兲 to a smaller incidence angle of 45° 共s + p
polarized light兲 are far more significant for the modestly irradiated films 共irradiation doses of 100 mA min兲 than for the
pristine one, especially at T = 135 K. Taking into account that
the observed dichroism 共i.e., light polarization dependence兲
is a fingerprint of molecular orientation, we interpret this
light polarization dependence as a tendency for the
TPDMT/Au to adopt a more upright orientation 共placing the
molecular axis closer to the surface normal兲, particularly at
135 K, compared to the pristine TPDMT film which is
densely packed and highly ordered with an average tilt angle
the terphenyl moieties of 19.3°.38 The tilt of molecular axes
between an orientation along the surface normal and parallel
with the substrate normal will minimize the enhancement of
the different photoemission features for each light polarization even the film is well ordered.
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FIG. 7. 共Color兲 Comparison of the light polarization photoemission spectra of TPDMT taken with p-polarized light 共black lines兲
and s + p-polarized light 共red lines兲 as a function of temperature. In
共a兲, the energy region with the temperature reversible polarized
light effects are enhanced compared to the broader energy scale in
共b兲. The proposed model for the molecular arrangement in the
TPDMT film at 295 K, in accordance with Ref. 9, is shown in the
inset. The spectra were taken at photon energy of 80 eV.

FIG. 8. 共Color兲 Comparison of the photoemission spectra taken
with linearly polarized p-polarized light 共black兲 and s + p-polarized
light 共red兲 for the pristine 共a兲 and irradiated 共b,c兲 TPDMT film after
its exposure to 100 mA min 共b兲 and 500 mA min 共c兲 of synchrotron
white light. The data for 295 K 共left panel兲 and 135 K 共right panel兲
are shown. The spectra were taken at photon energy of 80 eV and
the photoelectrons collected at normal emission.

The shift of the LUMO towards the Fermi level at this
level of cross linking 共i.e., the exposure to 100 mA min of
synchrotron white light or 10 mC/ cm2 of 50 eV electrons兲
may be associated with better molecular  −  stacking. The
capability of the TPDMT films to “improve” orientational
order under physical treatment 共say radiation induced partial
dehydrogenation and cross linking兲 is consistent with the recent near edge x-ray absorption fine structure 共NEXAFS兲
spectroscopy studies which indicate a drastic decrease in the
molecular tilt in TPDMT/Au upon the evaporation of a small
amount of Ni.8 The evidence of temperature dependent light
polarization effects for the differently irradiated films, as
seen from Fig. 8, suggests that the film is more ordered at
lower temperature, at least upon a moderate irradiation.
Thus, the structure of TPDMT films appears to depend not
only on the extent of cross linking but also on temperature.
The smaller light polarized enhancement for the extensively cross-linked TPDMT films, together with the small
variations and changes in the relative intensities of the 3.9
and 8.8 eV binding energy features in photoemission suggest
that some further changes other than simply reorientation
occur with irradiation, consistent with model calculations.
The light polarization photoemission for the extensively irradiated film compared to the moderately irradiated ones indicates that the TPDMT SAM with nearly saturated cross linking has less ordering and the terphenyl moieties in adjacent
molecules are not coplanar. With progressive irradiation
doses much greater than 100 mA min. of synchrotron white
light, the orientation ordering of the 共increasingly cross
linked兲 TPDMT film along the surface normal is partly lost

as indicated by loss of the significant light polarization dependence 共particularly at 135 K兲. The structural ordering is
not lost completely, however, as has been clearly shown by
NEXAFS measurements,17,18 but there is a combination of a
molecular axis tilted away from the surface normal and a loss
of coplanar benzene ring orientation, which leads to a significant decrease in light polarization effects in photoemission. This is consistent with a decrease in the coplanar orientation of adjacent molecular terphenyl backbones indicated
by our model calculations.

VII. SUMMARY

The TPDMT films, on gold substrates, are very well ordered molecular assemblies as illustrated in by the evidence
of band dispersion 共Fig. 3兲. Such in-plane ordering may be
indicative of strong lateral interactions within the organic
film,
as
has
been
suggested
for
关1,1⬘;4⬘,
1⬙-terphenyl兴-4-methanethiol 共Ref. 72兲 phenylthiolate SAM
layers,37 pentancene,31 thione 2-mercatobenzoxazole,28
diphenyldimethyl dithiol,26 and other thiol-derived
SAMs.74,75 The strong intermolecular interaction is most
likely responsible for the easily observed dispersion of the
lowest unoccupied molecular orbitals. What is clearly indicated is that there is a crying need for further structural studies that address the molecular packing as well as registry
with the metal substrate under a variety of conditions that
include temperature and coverage. This has been indirectly
suggested by prior studies70,71 but now there is a much
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clearer need to characterize SAM layers following different
preparation techniques by scanning tunneling microscopy,
low energy electron diffraction and the in-plane band structure mapping, to relate the resulting surface structures to molecular conformation, tilt angle, and packing density.
We found that the irradiated TPDMT films have a smaller
HOMO-LUMO gap as compared to the pristine TPDMT
films, which is consistent with theoretical calculation. The
Fermi level placement, within the HOMO-LUMO gap suggests that strongly irradiated TPDMT films are more n-type
insulating systems than the pristine TPDMT SAMs, and both
molecular films have an electron structure consistent with a
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